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We measured the two-color laser oscillation from a GaAs/AlGaAs-coupled multilayer 
cavity at 18–42 °C using current injection. We confirmed simultaneous lasing by detecting 
the sum frequency generation signal generated by the two-color laser light, and performed 
time-resolved measurement using a streak camera with a spectrometer. From the observed 
time transient of the spectra at various temperatures, it it is clarified that the temperature 
change of the device, induced by current injection, modulates the effective cavity length. 
Therefore, the temperature control of the device is a key factor in stable two-color lasing 
and THz wave generation. 




The terahertz (THz) wave is an electromagnetic wave whose wavelength ranges from 
about 10 µm to 3 mm. It is expected to be used in areas such as security and 
communication. Various compact THz-wave-emitting devices have been studied and 
developed thus far and have been constructed using semiconductor technologies, such as 
quantum cascade lasers (QCLs),1–3) resonant tunneling diodes,4,5) and photomixers.6,7) 
Recently, intra-cavity difference-frequency generation (DFG) in dual-wavelength 
mid-infrared QCLs was attained as a THz source.8,9) We also proposed an original THz 
emitter possessing a GaAs/AlAs-coupled multilayer cavity structure.10–17) The compact 
device had two cavities and three distributed Bragg reflectors (DBRs), and had gain layers 
in the one of the cavities. By contrast, in the other cavity, DFG of the two-color laser 
produced in the device was performed, where the generated electromagnetic waves then 
exhibited THz-wave properties. The THz generating device is easy to handle because of its 
compactness. Moreover, the device can be manufactured without a lift-off process halfway 
through manufacturing as sublattice reversal in the GaAs/Ge/GaAs (113)B heterostructures 
was attained.18,19) 
In this study, we performed two-color lasing in the device using the coupled multilayer 
cavity. Then, we observed the time transient from the two-color lasing with a streak camera 
and measured its dependence on the operation temperature. 
 
2. Experiment 
Using the coupled cavity structure, we fabricated a current-injection surface-emitting device, 
as illustrated in Fig. 1. The coupled multilayer cavity structure with InGaAs quantum wells 
(QWs) as the optical gain material was in the upper cavity. The upper side of the structure 
was epitaxially grown on 3-inch-diameter (001)-oriented GaAs substrate by molecular 
beam epitaxy (MBE). Therefore, the InGaAs QWs in the upper cavity as optical gain 
materials were grown in an (001) orientation and had a high quantum efficiency. In 
contrast, the lower side of the structure was epitaxially grown on a 76.2-mm-diameter 
(113)-oriented GaAs substrate by MBE. Therefore, the lower cavity was also grown in an 
(113) orientation and had a non-zero second-order nonlinear susceptibility χ(2) for the light 
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propagating in the [113] direction,10,11) whereas the upper cavity had a zero second-order 
nonlinear susceptibility. The non-zero second-order nonlinear susceptibility used in the 
upper cavity is required to generate THz waves in the DFG scheme. The cavity length was 
1.5 wavelengths (3λ/2) for the upper and lower cavities, and the GaAs/Al0.9Ga0.1As 
multilayers were grown as λ/4-DBRs. Three-period In0.15Ga0.85As/GaAs MQWs with two 
different well widths of 3.6 and 4.4 nm were inserted in the upper cavity, providing a 
wide-range optical gain with a wavelength ranging from 910 to 940 nm,16) and a single 
GaAs layer was used as the lower cavity. The structure composed of two cavities and three 
DBRs provides the two resonant wavelengths of about 917 and about 925 nm in this study. 
Be was used as a p-type dopant in the GaAs layer of the upper side of the DBR multilayer 
in the upper cavity, while Si was used as an n-type dopant in the GaAs layer of the lower 
side of the DBR multilayer in the upper cavity. The concentration of Si and Be for the 
DBR multilayers was about 2 × 1018 cm−3. The concentration of Be for the p-contact layer 
was about 3 × 1019 cm−3. In order to reduce the electrical resistance, each 
GaAs/Al0.9Ga0.1As DBR multilayer had compositionally graded interfaces. Then, these 
epiwafers were connected to each other by wafer bonding,12,14,20,21) and the optical 
structure part of the device was constructed. After bonding, the wafer was cut into several 
chips with dimensions of 18 × 14 mm2. Then, the remaining (001) GaAs substrate was 
completely removed by mechanical polishing and selective wet etching using a citric 
acid-based etchant.22) The pair layer number of the top, middle, and bottom DBRs was 28, 
12.5, and 34, respectively. 
We carried out the following procedure to inject current into the coupled cavity 
structure prepared as described above. First, we defined a circular mesa by the wet etching 
process, which is composed of etching of the p-type DBR, selective etching of the upper 
cavity, and selective etching of the topmost AlGaAs layer of the n-type DBR. The current 
confinement structure was formed by the horizontal-direction oxidation of a 44.1-nm-thick 
AlAs layer inserted in the upper cavity including MQWs. Then, the AlAs was selectively 
oxidized from the sidewall. In this study, the diameter of the current confinement structure 
was set to 60 µm. Next, n-type electrodes were formed by depositing AuGe/Ni/Au 
(50/12.5/50 nm) onto the exposed n-type DBR surface, and the mesa structure was buried 
in polyimide film. Finally, a p-type electrode with a hole for an optical window was 
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formed by depositing Ti/Au (5/100 nm) onto the p-type DBR surface, and rapid thermal 
annealing was applied. Details of the fabrication method, structure, and optical properties 
of the device have been described elsewhere.16) 
A current pulse injection with a pulse width of 500 ns and repetition rate of 1 kHz or 50 
kHz from the upper metal contact to the lower metal contact generated light emission in the 
QW cavity at near-room temperature (18–42 °C). The operating temperature was controlled 
using a heater set to the sample stage. Then, two-color laser light was emitted from the 
topside of the device through the optical window. To observe the optical properties of the 
prepared device, we measured the light emission from the device, the sum frequency 
generation (SFG) signal, the second-harmonic generation (SHG) signal generated by the 
light emission focused into a BBO (type-I) crystal with a spectrometer, and the time 
transient of the two-color lasing using a streak camera with a spectrometer. The 
experimental setup for the measurement is illustrated in Fig. 2. 
 
3. Results and discussion 
The light emission properties of the device were studied using a pulsed-current source. 
Figure 3(a) shows the emission spectrum measured using a spectrometer with a 
thermoelectrically cooled Si charge-coupled device (CCD) array. The pulse current was 290 
mA with a time duration of 500 ns and repetition rate of 1 kHz. The atmospheric 
temperature was 24 °C. Two sharp peaks originating from the cavity modes are clearly 
observed in the measured spectra with wavelengths of 917 and 925 nm. The emission 
spectra were measured with the current range of 10–300 mA. Then, the I–L curves of the 
two peaks were obtained by extracting the intensities of the two peaks in the spectra, which 
are shown in Fig. 3(b). The threshold behaviors are clearly observed in the I–L curves, and 
the threshold current of about 50 mA is almost the same for the two wavelengths. However, 
saturation of the emission intensity of the short-wavelength mode is seen at currents above 
150 mA. 
Simultaneous two-color lasing in the device is crucial for efficient THz generation via 
the DFG process. Therefore, we carried out the SFG measurements using the configuration 
illustrated in Fig. 2 with the BBO crystal. When a BBO (type I) crystal is irradiated with a 
simultaneous two-color laser beam, not only two SHG signals but also an SFG signal can be 
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observed.23) A blue band-pass filter was inserted to prevent the injection of fundamental 
two-color laser light into the optical fiber. Figure 3(c) shows the measured spectrum when 
the device was operated at a current of 290 mA with a pulse duration of 500 ns and repetition 
rate of 50 kHz to enhance the weak SFG and SHG signals. As shown in Fig. 3(c), an SFG 
signal is clearly observed between the two SHG signals, indicating simultaneous two-color 
lasing in the device. However, the SFG signal intensity is weaker than the expected value 
from the SHG signal intensities. The reduced SFG signal might be due to the different 
temporal profiles of the two lasing peaks in the pulse duration. Therefore, time-resolved 
measurement of the two-color laser emission using a streak camera with a spectrometer 
was performed. Figure 4 shows the measured time-resolved spectra. The injection current, 
pulse duration, and repetition rate were 290 mA, 500 ns, and 1 kHz, respectively. The 
operating temperature of the heater was maintained at 18 °C (Fig. 4(a)), 24 °C (Fig. 4(b)), 
30 °C (Fig. 4(c)), and 42 °C (Fig. 4(d)), and the atmospheric temperature was 18 °C. As 
can be seen in Fig. 4(b), the short-wavelength mode exhibits stronger emission in the initial 
stage, and the emission intensity of the long-wavelength mode increases with the time delay, 
which induced the saturation of the emission intensity of the short-wavelength mode 
observed in Fig. 3(b). The offset in the emission timing among the two-color lasing is also 
observed in the figure, which induced the reduction of the SFG signal described above. As 
seen in Fig. 4, as the operating temperature increases, the emission intensity of the 
short-wavelength mode increases compared to that of the long-wavelength mode, resulting 
from the change in balance of the effective cavity length between the upper cavity and 
lower cavity due to the temperature-controlling heater, which was set to the stage below 
the lower cavity. The slight change in balance of the effective cavity lengths significantly 
changes the properties of the two resonant modes. In this case, the effective length of the 
lower cavity becomes longer with the temperature compared to that of the upper cavity. 
The temperature dependences of the wavelengths of the two modes at the time = 0.3 µs 
shown in Fig. 4 are shown in Fig. 5. In the figure, the temperature dependences of the 
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where 0  is the wavelength, which is set to that at 18 °C,   is the temperature 
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coefficient of the refractive index of GaAs, 0n  (= 3.57) is the refractive index of GaAs for 
the wavelength of about 920 nm at room temperature,24) and T  is the temperature 
change. The lines in the figure represent the best-fit lines for the experimental data. From 
the gradient of the lines, the temperature coefficient of the refractive index is obtained to 
be 43.00 10  and 42.55 10  °C–1. These values agree with those estimated 
elsewhere;25,26) therefore, the change in oscillation wavelength is induced by the change in 
effective cavity length induced by the increase in temperature. In Fig. 4(b), the wavelength 
of the long mode changes from 922.48 nm (time = 0.3 µs) to 922.97 nm (time = 0.7 µs) in 
0.4 µs; therefore, the temperature change of the cavity is estimated to be +7 °C from Eq. 
(1). The increase in temperature induced by the current injection induces the change in 
balance of the effective cavity length between the upper cavity and lower cavity, resulting 
in the modulation of the oscillation wavelengths and their transient redshifts. 
 
4. Conclusions 
We demonstrated two-color lasing from a wafer-bonded GaAs/AlGaAs-coupled multilayer 
cavity at 18–42 °C by current injection. The coupled cavity structure was fabricated by the 
direct bonding of (001) and (113)B epitaxial wafers prepared individually by MBE. Then, 
the lasing properties of the two modes were observed under a pulsed current condition. In 
the experiment, the SFG signal was clearly observed, which implies that the two-color 
laser light from the sample was simultaneously generated in the device. THz waves with a 
frequency of 2.67 THz would be generated during the overlapping time of the two-color 
lasers via the DFG scheme in the device. However, the intensity of the SFG signal was 
weaker than expected. To determine why, time-resolved spectra were observed using a 
streak camera, which clarified the slight offset in timing among the two-color lasing. 
Furthermore, from the time-resolved spectra measurement at various temperatures, it was 
clarified that the increase in temperature of the device induced by the current injection 
would also induce the offset in the timing among the two-color lasing. Therefore, the 
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Fig. 1. (Color online) Cross-section of the two-color laser generation device 
composed of GaAs/AlGaAs-coupled multilayer cavities fabricated in our study. 
 
 
Fig. 2. (Color online) Setup of the optical system for two-color lasing measurement, SHG 
and SFG measurement using a BBO crystal and band-pass filter, and time-resolved 
measurement using a streak camera with a spectrometer. 
 
 
Fig. 3. (Color online) (a) Two-color lasing spectrum. The pulse current was 290 mA with a 
time duration of 500 ns and repetition rate of 1 kHz. (b) I–L curves of two peaks obtained 
by extracting the intensities of the two peaks in (a). Red solid and blue open circles 
represent the long mode and short mode, respectively. (c) SFG and SHG signals generated 
via the BBO crystal. The pulse current was 290 mA, the pulse duration was 500 ns, and the 
repetition rate was 50 kHz. 
 
 
Fig. 4. (Color online) Time-resolved spectra of two-color laser emission observed using a 
streak camera with spectrometer. The injection current, pulse duration, and repetition rate 
were 290 mA, 500 ns, and 1 kHz, respectively. The operating temperatures were (a) 18 °C, 
(b) 24 °C, (c) 30 °C, and (d) 42 °C. 
 
 
Fig. 5. (Color online) Temperature dependences of wavelengths of the two modes at the 
time = 0.3 µs shown in Fig. 4. Red solid and blue open circles represent the long mode and 
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